Abstract: Diversity-generating retroelements (DGRs) are a unique family of retroelements that confer selective advantages to their hosts by accelerating the evolution of target genes through a specialized, error-prone, reverse transcription process. First identified in a Bordetella phage (BPP-1), which mediates the phage tropism specificity by generating variability in an involved gene, DGRs were predicted to be present in a larger collection of viral and bacterial species. A minimal DGR system is comprised of a reverse transcriptase (RTase) gene, a template sequence (TR) and a variable region (VR) within a target gene. We developed a computational tool, DGRscan, to allow either de novo identification (based on the prediction of potential template-variable region pairs) or similarity-based searches of DGR systems using known template sequences as the reference. The application of DGRscan to the human microbiome project (HMP) datasets resulted in the identification of 271 non-redundant DGR systems, doubling the size of the collection of known DGR systems. We further identified a large number of putative target genes (651, which share no more than 90% sequence identity at the amino acid level) that are potentially under diversification by the DGR systems. Our study provides the first survey of the DGR systems in the human microbiome, showing that the DGR systems are frequently found in human-associated bacterial communities, although they are of low incidence in individual genomes. Our study also provides functional clues for a large number of genes (reverse transcriptases and target genes) that were previously annotated as proteins of unknown functions or nonspecific functions.
Introduction
The diversity-generating retroelement (DGR) was first identified in a Bordetella phage (BPP-1), which was shown to mediate the phage tropism specificity by generating variability in a gene involved (the target gene, mtd), resulting in massive sequence variation in the phage's receptor-binding protein, Mtd, encoded by the target gene [1] . Central to this diversity-generating process (known as retrohoming) is a reverse transcriptase-mediated exchange between two repeats: one serves as a donor template (TR) and the other as a recipient of variable sequence information (VR). During this process, adenines encoded in the TR are replaced randomly in the VR (so, the nucleotide substitution is A-specific). Accordingly, a minimal DGR system that is functional should consist of a TR, a VR (the VR is homologous to the TR and forms part of the coding sequence of the variable protein, e.g., Mtd) and a gene that encodes for a reverse transcriptase (RTase or RT). Structural features important for target-site recognition have been revealed [2] . A gene called avd that encodes accessory variability determinant (Avd) protein is often found with other core DGR elements. Recently, the tertiary structure of Avd was solved, and mutational analysis revealed a strict correspondence between retrohoming and interaction of Avd with RT, suggesting that the RT-Avd complex is important for DGR retrohoming [3] .
DGRs were predicted to be present in a larger collection of viral and bacterial species [4] . However, in a recent systematic study, only 155 DGR elements were identified in more than 6000 prokaryotic and phage genomes, indicating a surprisingly low incidence of DGR systems in sequenced genomes [5] . It was found that some genomes carrying the DGR systems may have multiple target genes that are associated with the DGR systems, with target genes far apart in the genomes, but all have a core system consisting of a TR, a VR and a RTase gene [5] . DGR systems remain largely mysterious: The detailed mechanism is largely unknown, and many of the target genes diversified by the DGR systems have no known functions, although for a significant proportion of these genes, their protein products can be predicted to have the C-lectin fold [6] . The biological functions of most of the predicted DGRs remain to be determined, but it seems likely that they play similar roles as the DGR found in the Bordetella phage, so providing a mechanism for adapting to an unpredictable host, environment or both. DGR systems are the only known source of massive protein sequence variation in prokaryotes. They were identified as one of the two sources for the extreme interpersonal diversity of human gut viruses [7] (the other source is associated with the CRISPR arrays [8] ). Arambula et al. [9] characterized a DGR in Legionella pneumophila within a horizontally acquired genomic island and identified related DGRs in L. pneumophila clinical isolates that encode unique target proteins with homologous VRs, demonstrating the adaptability of DGR components.
Despite the striking ability of the DGR systems in introducing vast amounts of targeted diversity into protein-encoding DNA sequences via mutagenic homing and their potential biological impacts, the systematic study of the DGR systems showed a low incidence of this system in sequenced genomes [5] . Metagenomic projects have resulted in the accumulation of large amounts of genomic sequences, most from uncultured microbial organisms, providing us great opportunities for studying the DGR systems in diverse collections of microbial communities, in their natural environment. These projects have enabled us to ask questions, such as "Are DGR systems of also low incidence to be found in microbial communities?" A study of human-associated bacterial phages has resulted in the identification of ~30 DGR systems, each with a core system of RT, template and variable sequences. However, many more metagenomic sequencing datasets, including the human microbiome project (HMP) datasets [10, 11] , have not been explored for the diversity and the distribution of the DGR systems. To facilitate DGR discovery in metagenomes, we developed DGRscan, a computational tool for the identification of DGR systems (see Figure 1) , and applied it to study the DGR systems in human microbiomes. Compared to DiGReF [5] , the only existing software for DGR identification, DGRscan provides more options for the identification of DGR systems. In addition, DGRscan can be used for identifying incomplete DGR systems in fragmented contigs assembled from metagenomic sequences or even short metagenomic sequences using known template sequences as the reference, a feature that is important for its application to metagenomic datasets. The application of DGRscan to the HMP datasets resulted in the identification of many new DGR systems and putative target genes that are potentially under diversification of the DGR systems.
Results and Discussion
We first tested DGRscan on known DGR systems and then applied it to predict the DGR systems in the HMP datasets. For the DGR systems identified in the HMP datasets, we focused our analyses on the identified reverse transcriptases and target genes.
Testing of DGRscan on Known DGR Systems
We tested DGRscan on a human virome dataset [7] . We used 155 RTases identified in [12] as the reference to identify potential RTs in 29 human virome contigs, which were used to constrain the de novo prediction of DGR systems in these contigs. As shown in Table 1 , except for the contig (gi|377806399|gb|JQ680376.1|) that has a TR fragment of only 44 bps, DGRscan was able to predict TRs in the remaining 28 contigs that were reported to contain DGR systems (DGRscan only reports TRs that are of at least 60 bps; see the Experimental Section). All TRs predicted by DGRscan overlapped with the previously reported TRs, although they may vary in the exact boundaries. We note that for a few cases, TRs reported in the previous study were truncated. However, DGRscan was able to recover the longer TRs (e.g., in contigs gi|377806018|gb|JQ680360.1| and gi|377806292|gb|JQ680371.1|, highlighted in bold in Table 1 ). 
Identification of the DGR Systems Associated with the Human Microbiome
Application of DGRscan to the HMP datasets (de novo prediction using RTs as constraints) revealed a total of 765 DGR systems in the human microbiomes. The number of identified DGR systems is reduced to 271 after removing the redundancy using CD-HIT with a cutoff of 90% sequence identity [13] (DGR systems were clustered according to the RT genes they contain). We are able to double the number of DGR systems by using the human microbiome data: there were 155 DGR systems identified from the reference genomes [12] (the number is reduced to 129 when using 90% sequence identity to cluster the RT sequences) and 29 DGR systems (24 at 90% non-redundant) identified from the human virome data [7] .
We note that about half of these genes (130 out of 271; 48%) were shown to be "hypothetical proteins" in the HMP annotations. For the remaining genes, the HMP annotation shows that 64 genes encode "RNA-directed DNA polymerase", 22 encode "reverse transcriptase family protein", 18 encode "retron-type reverse transcriptase", 11 encode "hypothetical protein bfra3_11896" and six encode "hypothetical protein bfra3_13530". However, knowing that a gene encodes for a "RNA-directed DNA polymerase" or "a reverse transcriptase" is not really that helpful, because reverse transcriptases are involved in many different biological processes (e.g., replication of retroviruses and retrotransposition in Eukaryotes) [14] , not to mention that the PFAM domain RVT_1 for reverse transcriptase contains a huge number of sequences (>170 K) [15] . Using the genomic context information, we were able to assign functions and, more importantly, the functional context for these 271 reverse transcriptases; i.e., they are reverse transcriptases involved in the DGR systems.
Combing the RTs we identified from the HMP datasets and those identified from the reference genomes and human virome, we assembled a non-redundant (at 90% sequence identity) set of 367 RT sequences of a minimum length of 200 AA (among the 155 RT sequences identified from the reference genomes, only three are shorter than 200 AA). A phylogenetic tree of these RT sequences shows that most DGR systems identified in the HMP datasets share similar RTs with the reference genomes; however, there are still some small clades that only contain sequences from the human virome and (or) human microbiome (e.g., the Branch 1 and Branch 2 highlighted in Figure 2 ), indicating the importance of metagenomic studies in enriching the genomic diversity in human microbiome. Figure 3 shows the diagram of two new DGR systems that DGRscan identified from the HMP assemblies. The first one was identified from scaffold SRS013951_WUGC_scaffold_47656 assembled from a stool metagenomic dataset (SRS013951). This scaffold does not share significant sequence similarity with known genomic sequences (in the NCBI NR database) as a whole, although the reverse transcriptase encoded in it (located between 4054 and 5274 bp) shares ~50% sequence identity with the RT in Firmicutes bacterium CAG:170. The second DGR system was identified from scaffold SRS015217_WUGC_scaffold_19551 assembled also from a stool metagenomic dataset (SRS015217). Similarly, this scaffold does not share sequence similarity with any of the known genomic sequences as a whole. This DGR system contains an accessory gene between the RT gene and the target gene (but the previous DGR system does not). We note that without applying the proper genomic context information, many of the putative RTase genes we predicted would otherwise remain as hypothetical proteins without annotations or with incorrect or nonspecific annotations. For example, the two putative RTs described above were annotated as proteins of unknown function in the HMP annotations. Figure 1 . DGRscan provides both de novo and homology-based predictions of DGR systems. DGRscan scans a genomic sequence for potential TR-VR pairs, repeats that contain substitutions mostly involving adenines in the TR region. Predictions of potential RTase genes can also be utilized to constrain the search of TR-VR pairs, so that a de novo search is applied only in the neighborhood of predicted RTase genes for speedup. If TR sequences are given, DGRscan can be guided to look for DGR systems that have homologous TRs (and VRs) similar to the reference TRs. Figure 2 . A phylogenetic tree of the reverse transcriptases identified from the reference genomes (shown in green) [12] , human virome (blue) [16] and human microbiomes (this study; red). The RT identified from Bordetella phage BBP-1 is highlighted in the tree. The multiple alignment was done using MUSCLE [17] . The FastTree program [18] with default parameters was used to reconstruct the neighbor-joining tree, and the tree was visualized using the Archaeopteryx tree viewer [19] . 
Identification and Annotation of the Target Genes
Considering that some target genes may be found in contigs without RT genes and, therefore, may be missed by the de novo prediction of the DGR systems, we extracted the TRs (template sequences) from the de novo predicted DGR systems and combined them with TRs extracted from the known DGR systems identified from the complete genomes [12] and the human virome dataset [7] . Using these TRs as the reference, we applied DGRscan again to the HMP contigs, to identify complete and partial DGR systems (each must contain a TR-VR pair, in which the TR is similar to one of the reference TRs, but may lack an RT gene, or target gene, or both). From identified DGR systems, we predicted target genes that contain variable regions in the C-terminus of their protein products (within a buffer region of 60 bps); the C-terminal location of the VR is a common feature shared by DGR variable proteins [6, 20] .
In total, we identified 1392 genes (and their proteins) that are putative DGR target genes: These genes contain VR sequences at the ends that encode for the C-terminus of their protein products and are therefore potentially subject to diversification by the DGR systems. By contrast, only 566 target genes were identified by de novo prediction of DGR systems. After removing the redundancy, there are 651 target genes sharing no more than 90% sequence identity at the amino acid level. Not surprisingly, most of these genes-596 in total (92%) encoding for hypothetical proteins, including 565 "hypothetical proteins", 19 "putative uncharacterized protein (fragment)", six "conserved hypothetical protein" and six "conserved domain protein"-were shown as encoding for "hypothetical protein" in the HMP annotations. Considering that a similarity search against hidden Markov models of protein domains may provide more sensitive annotations [21] , we used hmmscan [22] to annotate our collection of putative DGR target genes. In total, hmmscan provided annotation for 206 proteins (35%), a significant improvement as compared to the HMP consortium annotations (in which only 8% of the genes have some annotations). This fraction (35%) is still less than the fraction of target proteins that have PFAM annotations in the previous study on complete genomes (50%) [5] , reflecting that the human microbiome is less studied as compared to the complete genomes.
For the 206 proteins with PFAM annotations, we focus on those to which at least five proteins were assigned (see Table 2 ). Several PFAM domains, including DUF1566, FGE-sulfatase and DUF3988, are shared between our annotations of the putative variable proteins and the previous study of putative variable proteins identified from complete genomes [5] . However, the frequencies of these domains are different between our study and the previous study: the most common domain is DUF1566 (contained in 47 proteins), followed by FGE-sulfatase (in 42 proteins) in our study; by contrast, 45 proteins are found to contain the FGE-sulfatase domain, but only seven proteins contain the DUF1566 domain in the previous study [5] . We argue that our data reveals the distribution of the different domains involved in the DGR systems in the human microbiomes and, therefore, better reflects the potential importance of the DUF1566 domain to the adaptability of the human microbiome to their hosts. In addition, DUF1566 and the other domain, Fib_succ_major, share similarity according to HHsearch [23] . Both domains are found in the DGR systems in our study, further suggesting that they not only share similar sequences, but also similar structures and biological functions. We also found Big_2 (bacterial Ig-like fold group 2) and Big_3 (bacterial Ig-like fold group 3) in our collection of putative variable proteins, which were not reported in the previous study [5] .
Here, we show detailed analyses for a few putative variable proteins. The first protein (SRS015190.44356) was predicted from a stool metagenome (SRS015190). The hmmscan prediction reveals a DUF1566 domain near the C-terminus of this protein (see Figure 4A ). As the VR region is found at the end of the gene, we can conclude that domain DUF1566 in this protein is subject to diversification by the DGR system. The I-TASSER server [24] and RaptorX server [25, 26] both predicted that this protein is structurally similar to the structure of a hypothetical protein (BACOVA_04982) from Bacteroides ovatus ATCC 8483 (PDB ID: 4EPS), but with very low sequence identity (<20%). Interestingly, 4EPS does not show global similarity with the known variable protein (TvpA) found in Treponema denticola (PDB ID: 2Y3C) [6] ; however, their C-terminus (where the potentially variable residues are located) are strikingly similar (FATCAT [27] reported 44 equivalent positions with an RMSD of 2.97 Å between the C-terminus of these two structures of 70 residues), with similar arrangements of β-strands (see Figure 4B ). Our analysis suggests that the VRs in these proteins with the DUF1566 domain may share a similar structure with the VR in TvpA (and, therefore, Mtd, as well), despite very low sequence similarity between these VR regions. The second protein, SRS014459.31157, was also predicted from a stool metagenome (SRS014459). This protein contains a Fib_succ_major domain and an Mfa2 domain ( Figure 4C ). Mfa2 domains are found in fimbrillin-A-associated anchor proteins Mfa1 and Mfa2, which are typically lipoproteins. Consistent with this, SRS014459.31157 is predicted to be a lipoprotein by the LipoP server [28] , which reveals a SpII (signal peptidase II) lipoprotein signal peptide in this protein (see Figure 4C) . This protein has 807 amino acids, longer than the typical Mfa1 and Mfa2 proteins (between 300 and 400 residues). Fib_succ_major domain is located at the end of this protein, so it is likely to be the region in this protein that is under diversification of the DGR system.
The third protein SRS018351.18527 contains three bacterial immunoglobulin (Ig)-like domains (two Big_3 domains and one Big_2 domain; see Figure 4D ). Only a few instances are known of protein folds that tolerate massive sequence variation for the sake of binding diversity: The immunoglobulin fold is the most extensively characterized instance, and the other instance is the C-type lectin (CLec) fold, as found in the major tropism determinant (Mtd), the target gene of the first discovered DGR system in the Bordetella phage. Although we cannot conclude that the immunoglobulin fold is also involved in the diversification by DGR systems (as the predicted Ig-like domains are not located at the end of the protein), it is still interesting to see the connection between the DGR system and the Ig-like fold. We show the alignment between the VR region (the nucleotide sequence) and its matching TR region, which contains 15 substitutions, all involving As in the TR region ( Figure 4E ), typical for a TR-VR pair. 
Wide Distribution of the DGR Systems in the Human Microbiome
The 765 DGR systems with RT were identified from 160 HMP assemblies (some dataset contains multiple DGR systems). Therefore, 22% (160 out of 743) of the human metagenomes we checked contained at least a DGR system. Although still a small ratio, it is significantly greater than the ratio of complete genomes that contain DGRs (155 DGR systems were identified from >6000 complete genomes). However, many of the HMP assemblies are rather small (e.g., the smallest assembly contains 4022 bps only), a result of shallow sequencing and imperfect assembling. Among the 160 DGR systems, only one was found in a metagenome of <33 Mbps. When only considering HMP assemblies of at least 33 Mbps, the ratio of samples with DGR systems increased to 37%. Further, among the 10% largest metagenomes, 62% of them each contain at least one DGR system (the ratio is 67% if we also consider partially identified DGR systems that do not contain RT genes), indicating that the DGR systems are rather common in microbial communities, even though they are rare in sequenced bacterial genomes.
Experimental Section

DGRscan
A minimal DGR system is comprised of a gene encoding reverse transcriptase, a template sequence and a variable region within a target gene. Some DGR systems may target multiple genes. For a complete or draft genome, we may expect to predict a complete DGR system with all of the components (with one or more target genes, each containing a variable region that is a non-perfect repeat of the template region). However, when the input genomic sequences (e.g., metagenome assemblies) are fragmented, we may only be able to predict some components, but not all, of the DGR systems (partial DGR systems) in these sequences.
We devised the DGRscan based on the structural features of DGR systems, to allow both de novo identification (based on the prediction of potential template-variable region pairs) and similarity search-based identification of DGR systems using known template sequence as the reference (Figure 1 ). For the de novo prediction mode, DGRscan relies on finding segments in a given genomic sequence that potentially form a TR-VR pair that differs at positions mostly involving As in the TR segment. Specifically, two repeats that are similar to each other spanning at least 60 bp with 7 or more substitutions involving As in one of the repeats (only a small fraction of the substitutions (<30%) are allowed to be involved in non-As in the same repeat) are considered a potential TR-VR pair. The copy with As in the mismatch positions is the template region, and the other copy is the VR. A dynamic programming algorithm was used for the alignment. For speedup, a full dynamic programming is called only when a seed match of at least 60 bps (without indels) is found between two segments. Further speedups are needed for making DGRscan practical for large input genomic sequences (such as complete genomes). One implementation speedup is to search for potential RTase genes in input genomic sequences and then only to look for a potential TR-VR pair in the neighborhood of identified RTase genes (within 10 kbp at both ends). The other speedup strategy is to apply AAY filtering so that only the regions (of 60 bps) containing at least 3 AAYs (Y can be C or T) will be further checked-it has been shown that hypervariation was targeted to 5'-AAY-3' asparagine codons, which allows maximal chemical diversification of the encoded amino acids, while avoiding the formation of stop codons [7, 16] . We tested involved parameters empirically and selected the ones that work well for the identification of the DGR systems in complete genomes. Users can choose to turn off the speedup options.
DGRscan can also be guided to search for DGR systems that share similar template sequences with known ones (the similarity search-based mode). This option is useful when the input genomic sequences are fragmented (such as metagenomic sequencing reads or assemblies), as DGRscan can still report partial DGR systems using the existence of the template regions as a clue, even for the cases when no RTase genes can be found or no TR-VR pairs can be found (due to the fragmented nature of input sequences).
The Human Virome Datasets and the Human Microbiome Project (HMP) Datasets
We downloaded the whole metagenome assemblies (HASM) and gene annotations (HMGI) for the HMP datasets from the DACC website [29] . In total, there are 743 human metagenome assemblies. The human virome datasets were downloaded from the NCBI website.
Availability of DGRscan and Results
DGRscan was implemented in Python and is available for download from the DGRscan website [30] or Github [31] . The BLAST suite is the only required software by DGRscan; it is used for similarity searches for potential RT and TR regions. DGR systems identified using DGRscan in the HMP datasets are available for download at the DGRscan website.
Conclusions
Using DGRscan, which was developed by us, we were able to identify many new DGR systems and their associated RT genes in the human microbiomes. We were also able to identify putative target genes (and their protein products) that potentially are under diversification through the DGR systems. Our study shows that DGR systems are of low incidence, but they are ubiquitously found in the human microbiomes and are likely to be important to the adaptability of the human microbiome to the environments in the human hosts. We note that our study only gives a conservative estimation of the distribution of DGR systems in human microbiomes, considering that the shotgun sequencing might not be deep enough to cover the rare species that may carry those systems, and the assemblies of metagenomes are far from perfect.
We have previously shown that genomic context is important for annotating the bacterial immune systems, the CRISPR-Cas system [32] . In this study, we show another appealing application of using the genomic context for the improved annotation of proteins. We were able to annotate many of the hypothetical proteins as either reverse transcriptases or target genes that are under diversification of the DGR systems.
